Abstract. Plant-soil feedbacks can affect plant community dynamics by influencing processes of coexistence or invasion, or by maintaining alternate stable states. Darwin's naturalization hypothesis suggests that phylogenetic relatedness should be a critical factor governing such feedbacks in invaded communities but is rarely considered in soil feedback studies. We investigated the effects of soil biota from experimentally established native and invaded California grassland communities on resource capture and allocation of three native and three exotic grass species, comprising three tribes, grown in the laboratory. Phylogeny was the single greatest determinant of grass biomass, root : shoot ratio, and growth rate, with presence of soil biota explaining the second greatest proportion of variance in total grass biomass. Similar trends were observed in soil collected from naturally occurring stands of native perennial and exotic annual grasses. Species of similar life history/provenance exhibited similar biomass responses to the same soil community, while more closely related species exhibited similar root : shoot ratio responses to the same soil community. Relationships between the plant community composition of a field plot and species responses to soil inoculum collected from that field plot were idiosyncratic, with many aspects of plant community structure potentially contributing to soil feedbacks. Thus, future studies should explicitly consider both phylogeny and provenance and evaluate soil feedbacks in a community setting.
INTRODUCTION
Interactions between above-and belowground biological communities are potential drivers of community and ecosystem dynamics (Wardle et al. 2004) . Plants may ''culture'' the soil biota with which they interact, thus potentially affecting their own growth and demography as well as that of other plant species through feedback loops (Bever et al. 1997 , Bever 2003 . Negative feedbacks ultimately result in a decline in a plant's population growth rate, while positive feedbacks ultimately result in an increase in population growth rate (Bever et al. 1997 , Bever 2003 . Such feedbacks may lead to various community dynamics including coexistence, invasion, or alternate stable states.
Direct negative soil feedbacks, in which a plant's performance is reduced when grown in soil cultured by conspecifics relative to soil cultured by heterospecifics, are commonly observed and may be important as a mechanism of plant species coexistence (e.g., Bever 1994 , Holah and Alexander 1999 , Klironomos 2002 , De Deyn et al. 2003 , Callaway et al. 2004b ). The potential for negative feedbacks to promote coexistence has been demonstrated using models (Bever et al. 1997 , Bever 2003 , Bonanomi et al. 2005 , field observations (Klironomos 2002) , and mesocosm experiments (De Deyn et al. 2003) . Positive soil feedbacks are also common (Klironomos 2002 , Callaway et al. 2003 , 2004a , Reinhart and Callaway 2004 , but are only likely to lead to plant species coexistence at larger spatial scales (Bever et al. 1997 , Bever 2003 .
Soil biota may facilitate biological invasions when species of different provenance (i.e., native and exotic) have distinct responses to soil biota. A reduction in pathogen or consumer pressure, acquisition of mutualistic interactions, or a combination of these factors in the introduced range of a species may lead to positive soil feedbacks, thus promoting invasion success (see Mitchell et al. [2006] for a review of invasion mechanism hypotheses). Soil feedbacks for exotic plants can be more positive in their introduced vs. their native ranges (Callaway et al. 2004b, Reinhart and Callaway 2004) and compared to native species in their introduced ranges (Klironomos 2002 , Agrawal et al. 2005 , Van der Putten et al. 2007 ). Both release from soil pathogens (Van der Putten et al. 2007 ) and benefits from soil mutualists within an introduced range (Callaway et al. 2003 (Callaway et al. , 2004a (Klironomos 2002 , Callaway et al. 2004b , Reinhart and Callaway 2004 . Furthermore, exotic plants may alter composition of the soil biota with the potential to enhance population growth of conspecifics or other exotics (Klironomos 2002 , Callaway et al. 2004b , Hawkes et al. 2005 , Van der Putten et al. 2007 ). Empirically documented positive soil feedbacks for exotic plants are likely too weak to promote invasive spread, but may increase invader impact through increases in plant density (Levine et al. 2006) . Though previously unexplored, soil feedbacks could contribute to alternate stable states of a community. Alternate stable states can arise when two species are effectively prevented from invading established populations of the other (MacArthur and Levins 1967, Gurney and Nisbet 1998) . Such invasion may be prevented via feedbacks between biotic and abiotic factors in the environment (Suding et al. 2004) , or if positive intraspecific interactions strengthen priority effects (Molofsky and Bever 2002) . Positive soil feedbacks, particularly coupled with local dispersal, could contribute to a mosaic of monospecific stands resistant to invasion (Bever et al. 1997 ) and, therefore, to alternate stable states of the community. Concurrent or subsequent negative feedbacks to heterospecifics could further inhibit invasion of established populations. The potential for soil feedbacks to maintain alternate stable states seems plausible as plant species abundances in the field correlate positively with soil feedbacks, while negative soil feedbacks appear to maintain plant rarity (Klironomos 2002) ; but this remains to be tested.
Understanding effects of soil feedbacks in invaded communities could provide important insight into invasion and restoration ecology, because of their potential to affect processes of coexistence, invasion, and alternate stable states. However, soil feedbacks can be affected by both the provenance and phylogenetic relatedness of plants; thus both of these factors must be considered in any study of soil feedbacks. Phylogeny cannot be ignored because species responses are not statistically independent (Felsenstein 1985) and phylogeny may affect gains and losses of biotic interactions when an exotic species is introduced to a novel environment (Mitchell et al. 2006) . However, the impact on invasion success of an invader's phylogenetic relatedness to community residents is under debate (Richardson et al. 2000 , Daehler 2001 ). Darwin's naturalization hypothesis posits that invaders closely related to residents are less likely to successfully invade because they are more likely to gain negative interactions in their introduced range (Daehler 2001 , Agrawal et al. 2005 , Mitchell et al. 2006 . Some support for this view has been found in plants, where ''invasiveness'' is negatively correlated with the phylogenetic relatedness of exotic species to natives (Strauss et al. 2006) . Alternatively, plant invaders closely related to residents may have a greater chance of gaining positive interactions in their introduced range, and thus may be more likely to successfully invade (Richardson et al. 2000) . Thus, phylogeny seems an essential consideration in studies comparing interactions of native and exotic plants with soil biota.
We propose three criteria necessary for soil feedbacks to play a significant role in plant community dynamics: (1) the soil biota must have a strong effect on plant performance relative to other factors, thus being capable of altering the plant's population growth rate to affect community processes as presented in previous modeling work (Bever et al. 1997 , Bever 2003 ; (2) plant species must exhibit differential responses to a soil community (Bever 2003) ; and (3) the effects of soil biota from entire plant communities of varying composition must differ predictably for different species groups (e.g., natives vs. exotics), because both plant diversity and identity can influence soil feedbacks (Bartelt-Ryser et al. 2005) . These criteria are hierarchical in importance, because if the first is not met, the others become moot. Though many studies have investigated one or more of these criteria, rarely have all three been tested simultaneously (Olff et al. 2000) . Only one previous study, to our knowledge, has examined the effect of plant community composition in the field, but with highly manipulated communities (Bartelt-Ryser et al. 2005) . The soil feedbacks literature would thus greatly benefit from further investigation of plant community effects on soil feedbacks. Furthermore, soil feedback studies have rarely considered effects of phylogeny and provenance together (Agrawal et al. 2005) .
Here, we examine the potential for soil feedbacks to drive community dynamics in California grasslands, a system in which over 9.2 3 10 6 ha have been converted from domination by native perennials to domination by exotic annuals (Heady 1977) . This system provides a useful model for exploring soil feedbacks in an invaded ecosystem because many of California's exotic grasses are closely related to natives (Strauss et al. 2006 ), but differ in life history. Provenance may thus play a greater role in soil feedbacks in California grasslands than in other systems with closely related native and exotic species. Furthermore, common exotic grasses in California can alter soil communities of ammonia-oxidizing bacteria (Hawkes et al. 2005 ) and communities of arbuscular mycorrhizal fungi infecting native plant roots (Hawkes et al. 2006) , suggesting that native and exotic species differ in their interactions with soil biota.
We compare the effects of soil feedbacks on three critical aspects of species performance, resource capture (i.e., total plant biomass), resource allocation (i.e., root : shoot ratio), and rate of resource capture (i.e., time to half of maximum height and maximum growth rate), for three native perennial and three exotic annual California grasses comprising three tribes. We explicitly test the three preconditions for significant effects of soil feedbacks on community dynamics established above by determining: (1) the effect of soil biota on plant performance relative to phylogeny and life history/ provenance; (2) whether species exhibit differential responses to the same soil collection and if those responses vary by phylogeny or life history/provenance; and (3) how plant community composition and change affect the soil feedback, particularly when the community is composed of species with similar phylogeny or life history/provenance. Our approach is unique as it draws together in one case study many aspects of examining plant-soil feedbacks within the context of whole communities and Darwin's naturalization hypothesis. We used experimentally established plant communities to achieve a balance between realistic levels of complexity and control. We also compared trends from our experimental communities to responses in soil from communities that differ naturally in exotic annual grass dominance.
METHODS
Grasses were grown individually in pots in the laboratory in soil collected from experimental plots at the University of California Sedgwick Reserve, Santa Ynez, California, USA (34842 0 30 00 N, 12082 0 30 00 W). In January of 1998, we plowed a recently abandoned agricultural field at the reserve and seeded it with five native perennial grasses. The site is located on a floodplain terrace and soil is a low-nutrient sandy clay loam (Seabloom et al. 2003) . In 2000, we established three plant community treatments as part of a larger invasion experiment: (1) a native perennial grassdominated community, which received no further seeding; (2) exotic annual grass-dominated community, which was treated with herbicide in 1999 and seeded with exotic annual grasses; and (3) exotic annual grass communities seeded with native perennial grasses, which were treated as in (2) and seeded with native perennial grasses in fall 2000 (see Seabloom et al. [2003] for a complete description of this experiment). Seeding native perennial grass-dominated plots with exotic annual grasses had no effect on perennial or annual grass biomass (Seabloom et al. 2003 ); thus we did not include this treatment in the current study. Seed addition treatments effectively eliminated recruitment limitation in these plots; thus biotic interactions were the primary determinant of community structure. In spring of 2001-2005, two 1.0 3 0.1 m strips of vegetation in each experimental plot were clipped at the soil surface, sorted to species, dried to constant mass, and weighed to estimate the plot's plant community composition (see Appendix A for biomass of six focal species in the three plant community treatments over time).
Laboratory experimental methods generally follow those of Bever (1994) . On 29 November 2005 we collected 1 L of soil from the top 10 cm of 24 field plots (i.e., eight plots from each plant community treatment) and additional soil adjacent to the experimental plots to use as sterile background soil. Soil was also collected from eight plots within naturally occurring grass stands, four each from an exotic annual stand and a native perennial stand, to determine whether observed trends were an artifact of using soil from experimental communities. Field soil was shipped overnight to Oregon State University, Corvallis, Oregon, and potted within three days. Background soil was autoclaved for sterilization. All field soil (unsieved and including small roots) was mixed in a 1:1 ratio with autoclaved river sand before potting. Soil mixtures were potted in D40 Deepots (656 mL; Stuewe and Sons, Tangent, Oregon, USA) with mesh and 50 mL of sand lining the bottom. Support trays held pots 2 cm above water trays to prevent cross contamination. Background soil (200 mL) was placed in the top and bottom thirds of each pot to minimize abiotic differences between soil treatments. Soil from each field plot (200 mL) was placed in the middle third of each treatment pot as whole-soil inoculum. Controls contained 600 mL of sterile background soil. Pots were arranged randomly on laboratory benches under fluorescent growth lights set to a 12:12 photoperiod, with supplemental light from west-facing windows.
We grew three exotic annual grasses (Bromus hordeaceus, B. madritensis, and Hordeum murinum) and three native perennial grasses (B. carinatus, Elymus glaucus, and Nassella pulchra) separately in each soil sample from the field plots and eight control pots per species, for a total of 240 pots. All seed was collected by hand in California. These species represent three phylogenetic tribes within the Poaceae: Bromeae (Bromus spp.), Triticeae (E. glaucus and H. murinum), and Stipeae (N. pulchra) (Peterson and Soreng 2007) . No other species of Stipeae were present in the experimental plots from which soil was collected. Grass species were chosen to represent a suite of commonly observed species in the experimental and natural communities at Sedgwick and elsewhere in California. For example, these six species comprised 75% 6 2% of the total biomass at the field site from 2001 . Though the provenance and life history of the grasses are confounded, this is representative of the inland California grasslands system, which contains very few native annual or exotic perennial grasses, none of which were detected in the plots from which we collected soil. Seeds were germinated on paper towels in the laboratory and planted in randomly selected pots by 19 December 2005. Grasses were watered as needed and, after approximately five weeks, fertilized every two weeks with 25 mL of a 1.3% solution of 1.4:0.2:0.2 liquid fertilizer (Coast of Maine Fermented Salmon Organic Fertilizer; Coast of Maine Organic Products, Portland, Maine, USA).
Maximum height of each grass (i.e., maximum blade length or height of reproductive stem, if applicable) was recorded twice weekly for the first five weeks and weekly for the remainder of the experiment. After ;3.5 months ( prior to senescence), aboveground biomass was clipped at soil level and roots were washed. We examined this life stage because survival from the first to second growing season represents a critical bottleneck for California's perennial grasses (e.g., Hamilton 1997, Brown and Rice 2000) and can be strongly affected by seedling establishment rates (Shoulders 1994) . Modeling work with these perennial grasses has shown that survival to subsequent years critically impacts long-term fitness (Borer et al. 2007 ). Shoot and root biomass were dried to constant mass at 708C and weighed. Total biomass and root : shoot ratios for each grass plant were calculated as estimates of resource capture and allocation, respectively. We fit von Bertalanffy growth curves to the time series data of maximum height for each grass plant (Gurney and Nisbet 1998) . We fit both a four parameter model (initial height, final maximum height, time to half of final maximum height, and maximum growth rate) and a three parameter model (the same, except initial height assumed to be zero). When both models successfully fit the data, we chose the model with the lowest AIC (Akaike's Information Criterion) score. We used the time to half of maximum height and maximum growth rate parameters as estimates of the rate of resource capture for each grass plant. Initial height was ignored in statistical analyses as a nuisance parameter and total biomass measurements were analyzed in place of the final maximum height parameter. All statistical analyses were performed in R (R Development Core Team 2005). Four grass individuals were excluded from analyses of soil from experimental community plots due to mortality (see Appendix B for sample sizes). One individual was excluded from analyses of soil from natural community plots due to mortality and another from analyses on growth rate variables because its parameters could not be determined (see Appendix C for sample sizes).
Relative effect of soil biota on plant performance
We used analysis of variance (ANOVA) to test for effects of tribe, species nested within tribe, life history/ provenance, presence of whole-soil inoculum, and interactions between presence of inoculum and the other three explanatory variables on total biomass, root : shoot ratio, time to half of maximum height, and maximum growth rate. Orthogonal contrasts were performed to determine significant differences between each of the three tribes. Though grouping by tribe is a limited measure of phylogenetic relatedness, grouping is valid when comparing effects of phylogeny with effects of other factors and one can assume that species within groups are more closely related than species of different groups (Silvertown et al. 2006 ). Presence of whole-soil inoculum was used as a factor rather than field plot community treatments because of high variability in species biomass among plots (see Appendix A). Diagnostic plots were examined to ensure that assumptions of ANOVA were met. The proportion of the variance explained by each predictor was calculated. We also performed ANOVA on responses of grasses grown in soil collected from the natural communities to compare trends observed in the soil of experimental communities.
Differential responses of species to soil collections
The four response variables (total biomass, root : shoot ratio, time to half of maximum height, and maximum growth rate) were standardized to compare species responses to each soil sample and determine whether responses to soils from the same plot were more similar for species within phylogenetic or life history/ provenance groups. Response variables were standardized to reflect the relative difference from the control treatment ([treatment value -mean of control]/grand mean for species), a method of adjusting experimental treatment effects for systematic variation among species to allow direct comparisons (Cochran and Cox 1992) . Correlation matrices for each standardized response variable were constructed to provide pairwise comparisons of the response of each species to each inoculum sample. Significant difference from zero was tested for each Pearson product-moment correlation. Mantel tests (with 1000 permutations) were used to compare each of these correlation matrices to phylogenetic and life history/provenance group matrices, thus determining if the correlation between the responses of two species to the same soil sample was more positive if the two species were more closely related or of like life history/provenance, respectively. Others have similarly used Mantel tests to compare phylogenetic relatedness and similarity in species traits (Bo¨hning-Gaese et al. 2006) . Two phylogenetic matrices were constructed, one comparing species within vs. between tribes and one using phylogenetic distances. In the tribe-comparison matrix, cells comparing species in the same tribe had a value of one and all other cells had a value of zero. For the second phylogenetic matrix, we constructed a phylogenetic distance matrix using publicly available sequences of NADH dehydrogenase subunit F in MEGA 4.0 (Tamura et al. 2007 ). We substituted sequences from Bromus rubens for B. madritensis, four Elymus species native to the western United States for E. glaucus, and Nassella viridula for N. pulchra because no information was available for these three species. We used negative distances in this matrix to test the hypothesis that more closely related species would have more similar responses to the same soil inoculum. In the life history/provenance group matrix, cells comparing species of the same life history/provenance had a value of one and all other cells had a value of zero.
Plant community effects on soil feedbacks
The effects of current plant community composition and change over time in study species abundances in plots from which soil was collected were examined for the four standardized response variables, thus specifically testing the effect of inoculum from these communities on plant performance. First, the effects of current plant community composition were tested using multiple regression on the spring 2005 biomass of conspecifics, contribal species, exotic annual grasses, and native perennial grasses, presence/absence of each study species, and species richness in the plot from which soil was collected. Presence/absence of B. hordeaceus was not included in the analysis because it was present in all field plots. Diagnostic plots were examined to ensure that the assumptions of multiple regression were met. Variables with high variance inflation factors (defined as VIF . 10) were removed from the model to prevent multicollinearity. Second, we tested whether species performance in the field could predict individual grass performance in the laboratory. We compared the change over time of the species abundance of a grass in a field plot to the standardized responses of an individual of the same species grown in soil collected from that plot using Pearson product-moment correlations. Long-term (2001 Long-term ( -2005 and recent (2004) (2005) changes in species biomass in field plots were standardized by dividing the slope of a linear regression of species biomass in the plot over time (for five or two years, respectively) by the mean biomass of the species in the plot over the five-year period.
RESULTS

Relative effect of soil biota on plant performance
Tribe explained the greatest proportion of variability in total grass biomass, root : shoot ratio, and maximum growth rate (Fig. 1) , though most of the difference in biomass and root : shoot ratio was due to N. pulchra (P , 0.00001 from orthogonal contrasts). Presence of whole-soil inoculum and the interaction between inoculum and species within a tribe explained the second greatest proportion of variability in total grass biomass (Fig. 1) . Overall, the effect of whole-soil inoculum on individual grass biomass ranged from negative to neutral (P , 0.00001 for inoculum main effect; P ¼ 0.00001 for inoculum 3 species interaction). Effect of inoculum was strongest for B. carinatus and H. murinum, whose mean biomass was reduced by 38% FIG. 1. Three native perennial grass species (Bromus carinatus, Elymus glaucus, and Nassella pulchra) and three exotic annual grass species (B. hordeaceus, B. madritensis, and Hordeum murinum) comprising three tribes were grown individually in pots containing whole-soil active inocula from experimental plant communities or sterile control soil. Proportion of variance of (a) total biomass, (b) root : shoot ratio, (c) time to half of maximum height, and (d) maximum growth rate of individual grasses explained by tribe (Phylo), species nested within tribe (Spp), annual or perennial life history (Form; i.e., exotic or native, respectively), active or sterile soil (Inoc), and the first-order interactions between the three plant group factors and soil treatment are presented. Significance of each factor is indicated as: * P , 0.05; ** P , 0.01; *** P , 0.001. and 47%, respectively, when grown in non-sterile vs. sterile soil (see Appendix B for a summary of responses by species).
Life history/provenance explained the second greatest proportion of variability in root : shoot ratio, followed by species nested within tribes (Fig. 1) . The mean root : shoot ratio of perennial grasses was 11% greater than that of annuals, a significantly greater allocation to root biomass (P , 0.0001). Overall, the presence of whole-soil inoculum did not significantly affect resource allocation of grasses (P ¼ 0.09) as its effects ranged from negative to positive for different species (P ¼ 0.02 for inoculum 3 species interaction). Mean root : shoot ratios of B. carinatus, B. madritensis, and H. murinum were reduced by 19-31% when grown in non-sterile vs. sterile soil, while the mean root : shoot ratio of B. hordeaceus increased by 11%, and E. glaucus and N. pulchra were not affected (see Appendix B).
Time to half of maximum height was not wellexplained by factors included in this analysis (Fig. 1) . Life history/provenance explained the second greatest proportion of variability in maximum growth rate, followed by species within tribes (Fig. 1) . The maximum growth rate of exotic annual grasses was 40% greater than native perennial grasses (P , 0.00001). Effects of whole-soil inoculum on time to half of maximum height and maximum growth rate ranged from negative to positive for different species (P ¼ 0.009 and 0.03, respectively, for tribe 3 inoculum interactions). Mean time to half of maximum height decreased by 16% for B. madritensis and 90% for N. pulchra in non-sterile vs. sterile soil, while it increased for E. glaucus by 33% and H. murinum by 44%. Mean maximum growth rate of N. pulchra decreased by 42%, while growth rate of B. hordeaceus increased by 17% in non-sterile vs. sterile soil (see Appendix B). Trends similar to those described above were observed for grasses grown in pots containing whole-soil inoculum from natural communities (see Appendix C for a summary of responses by species). In particular, tribe explained the greatest proportion of variability in biomass and root : shoot ratio (P , 0.00001), and the second greatest proportion of variability in maximum growth rate (P , 0.001). Presence of inoculum explained the second greatest proportion of variability in biomass, with a significant decrease in biomass observed when inoculum was present (P , 0.00001), but the interaction between presence of inoculum and species nested within tribe was significant (P , 0.01). Life history/provenance explained the greatest proportion of variability in maximum growth rate and second greatest proportion of variability in root : shoot ratio (P , 0.00001). Presence of inoculum was also significant for both of these responses (P , 0.05). We thus conclude that our findings are not solely an artifact of using soil from experimentally established plant communities in an old field.
Differential responses of species to soil collections
Biomass and root : shoot ratio responses of all species were similar when grown in pots containing whole-soil inoculum from the same field plot (Table 1) . Species of like life history/provenance exhibited more similar biomass responses (z ¼ 8.22, P , 0.0001), while species within tribes did not (z ¼ 7.19, P ¼ 0.20; see Table 1 ). However, biomass responses appeared somewhat more similar for species separated by shorter phylogenetic distances (z ¼ À0.085, P ¼ 0.06). Species within tribes (z ¼ 7.92, P ¼ 0.03) and species separated by shorter phylogenetic distance (z ¼ À0.24, P ¼ 0.002) exhibited more similar root : shoot ratio responses, while species of like life history/provenance did not (z ¼ 8.15, P ¼ 0.49; Notes: Pearson product-moment correlations (r) are presented for pairwise comparisons of standardized total biomass (i.e., resource capture) and standardized root : shoot ratio (i.e., resource allocation) of grasses grown in pots containing whole-soil inoculum from the same experimental field plot. Significant differences are indicated as: * P 0.05; ** P 0.01. The six grass species grown consisted of three native species (Bromus carinatus, Elymus glaucus, and Nassella pulchra) and three exotic species (B. hordeaceus, B. madritensis, and Hordeum murinum) belonging to three different tribes.
The species compared belonged to the same tribe. à The species compared belonged to the same life history/provenance group.
see Table 1 ). Time to half of maximum height and maximum growth rate of each species were not correlated with responses of other species grown in the same soil collection (P . 0.06). Time to half of maximum height and maximum growth rate were not more similar among species within either phylogenetic (z ¼ 6.20-6.30, P . 0.5 for tribe comparisons and z ¼ À0.047 to À0.053, P . 0.1 for phylogenetic distance comparisons) or life history/provenance groups (z ¼ 5.76-6.64, P . 0.4).
Plant community effects on soil feedbacks
Relationships between the plant community composition of a field plot and species responses to soil inoculum collected from that field plot were idiosyncratic. However, the change in species abundances over time in field plots did not correlate to species performance in the laboratory when grown in soil collected from those plots (P . 0.05).
There were no significant relationships between field community composition and biomass responses of species (P . 0.05). Plant community composition had no effect on root : shoot ratio of E. glaucus, H. murinum, and N. pulchra (P . 0.07). Root : shoot ratio of B. carinatus decreased with increasing biomass of conspecifics (P ¼ 0.046) and when B. madritensis was present in the field community (P ¼ 0.003), but increased when H. murinum was present (P ¼ 0.001). Root : shoot ratio of B. hordeaceus decreased with increasing biomass of contribal species in the field community (P ¼ 0.03). Root : shoot ratio of B. madritensis increased with increasing biomass of native perennial grasses (P ¼ 0.01) and decreased when E. glaucus was present (P ¼ 0.03) in the field community.
Plant community composition had no effect on time to half of maximum height of B. madritensis, E. glaucus, H. murinum, and N. pulchra (P . 0.05). Time to half of maximum height of B. carinatus increased when E. glaucus was present in the field community (P¼ 0.03). Time to half of maximum height of B. hordeaceus increased when N. pulchra was present in the field community (P ¼ 0.02). Plant community composition had no effect on maximum growth rate of B. hordeaceus, B. madritensis, and E. glaucus (P . 0.05). Maximum growth rate of B. carinatus increased with increasing biomass of exotic annual grasses (P ¼ 0.007) and when E. glaucus (P ¼ 0.0007), H. murinum (P ¼ 0.014), and N. pulchra (P ¼ 0.024) were present in the field community, but decreased with increasing species richness (P ¼ 0.0006). Maximum growth rate of H. murinum increased when E. glaucus was present in the field community (P ¼ 0.04), but decreased with increasing species richness (P ¼ 0.015). Maximum growth rate of N. pulchra increased when H. murinum was present in the field community (P ¼ 0.02).
DISCUSSION
We found that field-collected soil inocula samples do indicate that plant-soil feedbacks in an invaded ecosystem affect four aspects of plant performance, and that such effects can vary by plant phylogeny and life history/provenance. We examined three conditions necessary for soil biota to play a significant role in plant community dynamics: (1) the relative effect of soil biota on plant performance, (2) differential responses of species to soil inoculum samples, and (3) the effect of a soil's plant community on soil feedbacks.
Relative effect of soil biota on plant performance
The presence of soil biota was a strong factor in determining resource capture, resource allocation, and growth rates for certain species. Grass biomass generally decreased when soil biota were present, as has been observed for many plant species (e.g., Bever 1994 , Holah and Alexander 1999 , Olff et al. 2000 , Beckstead and Parker 2003 , Callaway et al. 2004b , Reinhart and Callaway 2004 , and indicates that soil biota have the potential to reduce resource capture in these species. Effects of soil biota on plant resource allocation (i.e., root : shoot ratio) tend to be more species specific (Bever 1994 , Holah and Alexander 1999 , Olff et al. 2000 , Beckstead and Parker 2003 , as we also observed. We found that different aspects of plant growth rates can be affected by the presence of soil biota, but effects differ by species. Holah and Alexander (1999) also observed growth effects of soil biota to vary by species, but did not explicitly examine growth rates. The variability we observed in species responses to soil biota suggests that effects of soil biota from a plant community can be idiosyncratic both across species and across aspects of resource capture within a species. Thus, species identity and responses measured should be a critical consideration in future soil feedback studies.
Differential responses of species to soil collections
Resource capture and allocation varied similarly among grass species grown in soil from the same field plot. However, biomass responses were significantly more similar for species of like life history/provenance and somewhat more similar for closely related species, while root : shoot ratio responses were significantly more similar for closely related species. Most soil feedback studies have observed species-specific responses to soil biota from the same source (e.g., Holah and Alexander 1999, Olff et al. 2000; but see Bever 1994) . Our results suggest that plant relatedness and shared origin can both influence how plants respond to communities of soil biota, refining these prior findings.
Plant community effects on soil feedbacks
Plant community composition had varied effects on species performance, as has previously been observed (Bartelt-Ryser et al. 2005 ), but our results suggest that species identity is a critical consideration when examining soil feedbacks, and that many aspects of plant community structure can contribute to soil feedbacks. Presence and increasing abundance of closely related species in the community from which soil was collected were associated with decreases in root : shoot ratio of two of the three Bromus spp. and increases in growth rate of H. murinum, suggesting that phylogenetic relatedness can influence soil feedbacks in a community setting. Different performance aspects for multiple species were affected by growth in soil collected from plots where certain species, such as E. glaucus and H. murinum, had been present, suggesting that some species may have broader effects on soil feedbacks than others. Bartelt-Ryser et al. (2005) also found that presence of certain species in an experimental community could affect several response variables of plants grown in soil from that community. Species richness in field plots was associated with decreases in growth rate of two grass species in soil from those plots, but whether this relationship is due to diversity or increased likelihood of certain species being present in richer plots is unclear. Bartelt-Ryser et al. (2005) observed some effects of plot diversity on plant responses to soil from those plots, which were often short-lived and differed among study species, but presence of legumes was generally significant and may have been more likely in their higher diversity plots. Here we have included abundance, presence, and richness as predictors to examine potential effects of phylogeny and life history/provenance and as an initial look at how community composition may affect soil feedbacks. Other components of community structure, such as assembly order and pairwise synergies, may also influence soil feedbacks and should be considered in future studies.
Plant species performance in the field (i.e., change in abundance over time) was generally not sufficient to predict performance of conspecifics grown in the same soil in the laboratory. This suggests that the feedbacks occurring between the plant and soil communities in a natural system go beyond simple intraspecific effects. Olff et al. (2000) observed positive effects of increasing abundance of conspecifics over time (5-10 years), but their study and ours are the only two to examine such effects to date. More work is needed to evaluate the effects of temporal changes in the entire plant community on soil feedbacks, as well as to discern the relevant temporal scale at which to examine these effects.
Phylogeny vs. life history/provenance
Phylogeny and life history/provenance were both significantly associated with plant performance, with different aspects of plant performance varying to a greater or lesser extent for each grouping depending upon soil communities. Phylogeny explained the greatest proportion of variance for all measured aspects of plant performance, even though life history and provenance are confounded for grasses in our study system. Plant performance has been observed to vary with both phylogeny and life history/provenance (Garnier 1992 , Holmes and Rice 1996 , Seabloom et al. 2003 , but the role of these factors relative to each other has rarely been addressed (Garnier 1992 ). Our results demonstrate that phylogeny must be considered when comparing performance of species because, contrary to other observations (Holmes and Rice 1996) , final plant biomass did not differ between plants of like life history/provenance and growth rate differences were relatively small. Thus, explicit consideration of phylogeny and comparisons among multiple species may be necessary to infer that observed differences in plant performance are representative of larger species groups.
Phylogeny and life history/provenance were often associated with responses of species to the presence of soil biota, soil samples from the same field plot, and a soil's source plant community. Effects of soil biota have previously been found to differ for species of different origins (Klironomos 2002 , Callaway et al. 2004b , even within congeneric pairs (Agrawal et al. 2005) . However, the potential role of phylogeny and life history/provenance in soil feedbacks has not previously been compared for either responses to the same soil collection or effects of closely related species in the plant community from which soil was collected. Our results provide important evidence that comparisons between native and exotic species, even when they differ in ecologically important traits, must still account for phylogeny. Future work that can examine the relative effects of phylogeny, provenance, and life history independent of each other would be a particularly beneficial addition to the soil feedbacks literature.
Implications for California grassland community dynamics
Our study cannot pinpoint the effects of soil feedbacks on community processes such as coexistence, invasion, and alternate stable states in the California grasslands; but the strength of the effect of soil biota on plant performance suggests that soil feedbacks deserve greater study in this system. Models of coexistence driven by soil feedbacks generally require negative effects of conspecifics relative to heterospecifics (Bever et al. 1997 , Bever 2003 ), which we did not clearly observe. However, we did not explicitly compare conspecific-and heterospecific-cultured soil nor examine indirect effects of soil feedbacks, which may also play a significant role in community processes (Bever et al. 1997 , Bever 2003 . We observed a generally negative effect of soil biota on plant performance, suggesting that some exotic grasses may not have experienced complete release from belowground enemies (Beckstead and Parker 2003, Agrawal et al. 2005) . This suggests that soil biota may not facilitate invasion for exotic grasses in general; however native species might experience stronger negative effects of soil biota (Klironomos 2002 , Agrawal et al. 2005 . Finally, we did not observe reciprocally negative effects of species in the field communities on performance of heterospecifics in the laboratory, suggesting that soil feedbacks do not play a major role in alternate stable states in this community. This conclusion is corroborated by modeling work in this system (Borer et al. 2007 ) and the documented ability of these native and exotic grasses to invade established communities in the experimental plots from which soil samples were collected (Seabloom et al. 2003) .
We conclude that phylogeny must be explicitly considered in any study comparing species responses to environmental factors, including soil feedbacks. For example, our results demonstrate that differences between two native species, such as N. pulchra and another perennial grass, can be greater than differences between native perennial and exotic annual grasses. As N. pulchra is arguably the most widely studied native species in the California grasslands (e.g., Shoulders 1994 , Holmes and Rice 1996 , Hamilton 1997 , Brown and Rice 2000 , Seabloom et al. 2003 , Hawkes et al. 2005 , Hawkes et al. 2006 , great care must be taken when generalizing conclusions drawn from comparisons between it and exotic species to other native perennial grasses. In particular, future work that can evaluate the effects of phylogeny, provenance, and life history independently on plant-soil feedbacks would be beneficial. We also suggest that future studies continue to examine soil feedbacks in a whole-community setting, with various levels of control on community structure. We have observed the potential for species presence and abundance in the community from which soil was collected to affect soil feedbacks, and others have observed effects of soil biota to vary with different plant neighbors (Callaway et al. 2003 , 2004a , BarteltRyser et al. 2005 , Casper and Castelli 2007 ; but see Bever 1994) . Finally, we suggest that more attention be paid to how soil-mediated effects on plant performance translate to changes in population growth rates. We have observed that soil feedbacks can differ among different aspects of plant performance and these effects cannot always be linearly extrapolated to demographic effects. For example, decreases in root : shoot ratio in certain soil samples may indicate either greater allocation to aboveground biomass, and thus potentially to reproduction (Samson and Werk 1986) , or root necrosis (Bever 1994) , with different implications for plant population growth.
